Charcoal rot, caused by Macrophomina phaseolina, significantly reduces yield in soybean more than most other diseases in the midsouthern United States. There are no commercial genotypes marketed as resistant to charcoal rot. Reactions of 27 maturity group (MG) III, 29 Early MG IV, 34 Late MG IV, and 59 MG V genotypes were evaluated for M. phaseolina between 2006 and 2008 in a nonirrigated, no-till field that had been artificially infested for three years. There was significant variation in root colonization among genotypes and years, indicating the value of screening genotypes over multiple years. Based on CFUI there was no genotype that was consistently immune to charcoal rot each year. However, there were a total of six genotypes (one genotype in MG III, one in Late MG IV, and four in MG V) that were identified as moderately resistant. Some of the commercial and public genotypes were resistant to M. phaseolina at levels equal to or greater than the standard DT97-4290, a moderately resistant cultivar. The genotypes identified as having moderate resistance across the three years could be useful as sources for developing resistant soybean genotypes.
Introduction
Charcoal rot caused by Macrophomina phaseolina, has been reported to affect more than 500 cultivated and wild plant species (13) , including economically important crops such as soybean, cotton, maize, sorghum (3, 23) , cassava (14) , and sunflower (9) . In the United States, the estimated soybean yield loss from charcoal rot was approximately 2 million metric tons in 2003 and more than 300,000 metric tons in 2005 (25) . Commercially resistant soybean cultivars are not available (11) . In sunflower, losses from charcoal rot can reach 60 to 90% if the conditions are favorable for infection (9) . In soybean, charcoal rot can be severe when plants are stressed due to inadequate soil moisture. Specifically, severity of charcoal rot has been determined to be significant when air and soil temperatures are high (28 to 35°C), and when soil moisture is limiting (6, 18, 22) , resulting in reduced yield and seed quality (22) (Fig. 1 ).
Drought is a persistent problem in non-irrigated soybean production in the United States. (19) . Soybean stress due to insufficient moisture occurs most often due to inadequate rainfall, but it may also occur because of restricted root growth. Research is underway to determine the extent of severity of charcoal rot on cultivar performance in stress and non-stress environments and identify lines that may have some level of resistance to both drought and charcoal rot (Mengistu, unpublished data) . Pastor-Corrales and Abawi (17) observed that resistance in common beans (Phaseolus vulgaris) to M. phaseolina was associated with drought tolerance.
Charcoal rot incidence has increased throughout the north central and southern regions of the United States. However, charcoal rot suppressed soybean yield more in Arkansas, Illinois, Indiana, Kansas, Kentucky, Missouri, Mississippi, and Tennessee than in the northern states with an estimated yield loss averaging 1.7 × 10 tons per year from 1996 to 2007 (25) , making charcoal rot the most damaging soybean disease in the southern United States. Managing charcoal rot in soybean by adjusting planting dates, crop rotation, planting densities, and irrigation have all been suggested as means of control (1, 5, 7, 15, 24, 26) . Other control methods, including fungicide applications to seed and soil and biological control using hyperparasitism, have had limited success in reducing disease severity in other crops (7, 20) . Management through host plant resistance has been suggested as the only feasible method to prevent yield loss (1, 2, 21, 22) . Quantification of microsclerotia by CFUs (Fig. 2 ) in lower stems and taproot tissues of soybean has been reported to be a reliable method of rating host compatibility between soybean genotypes and M. phaseolina (11, 16, 21) . However, soybean genotypes with high levels of resistance have not been identified.
Moderate resistance to charcoal rot has been identified (11, 16) with the genotypes DT97-4290, DT99-16864, DT99-17483, and DT99-17554, but it is not known if current commercial genotypes and breeding lines have resistance to charcoal rot. By combining genes for different traits, plant breeders have developed new genotypes and breeding lines to meet specific abiotic and biotic constraints. Since the resistance or susceptibility of these developed genotypes and breeding lines is unknown, it was important to compare the level of resistance introduced among genotypes developed by public and private breeders. The objective of this study was to evaluate the reaction of MG III through V genotypes to M. phaseolina and identify lines with high levels of resistance. Identification of soybean genotypes resistant to charcoal rot will be valuable to soybean breeders in planning future parental selections and in developing cultivars that benefit soybean producers. microsclerotia. The millet was allowed to air dry for ten days at 24°C on a laboratory bench, and applied with seed at planting at a rate of 1.5 g/m.
Determination of M. phaseolina population densities. Crop water deficits in the midsouthern United States usually begin to develop in June and may sometimes continue into September. The relationships among temperature and precipitation from planting to R8 for each year are indicated in Figure 3 . At the plant growth stage of R7 (4), 10 randomly selected plants were carefully uprooted from the outside 2 rows of each plot to determine colony forming units (CFU) of the pathogen. Plant samples were excised just below the cotyledonary node. The lower stem sections and roots including lateral and fibrous roots of each plant were thoroughly washed and rinsed in water to remove soil and air dried. The combined root and stem sections from each plot were ground with a UDY cyclone sample mill (Model 3010, UDY Corp., Fort Collins, CO) and passed through a 28-mesh screen (600-μm openings). The mill was thoroughly cleaned between samples with air using a suction device. For each sample, 0.005 g of ground tissue was placed in a Waring blender with 100 ml of 0.525% NaOCl for 3 min and collected over a 45-μm-pore-size sieve. The triturate was washed with sterile distilled water and then added to 100 ml of autoclaved PDA amended with rifampicin (100 mg/liter) and tergitol (0.1 ml/liter) that had been cooled to 60°C (11) . After 3 days of incubation at 30°C, M. phaseolina CFUs were counted and converted to CFU per gram of root and stem tissue. In previous studies (11, 12) , the correlation between disease severity and CFU was significant, so CFU in soybean tissue was used as a measure of disease severity. Each genotype was measured against the performance of each susceptible standard genotype for that maturity group. A colony forming unit index (CFUI) was determined where the CFU of each genotype was divided by the CFU of the check genotype for that maturity group. The genotypes were then classified based on the CFUI as resistant (0 to < 10%), moderately resistant (10 to ≤ 30%), moderately susceptible (> 31 to 60%), and susceptible (> 60%), calculated based on CFU of the susceptible checks from each year, in accordance with the classification system developed for charcoal rot (11). Data analysis. The colony unit forming index data were analyzed using the analysis of variance (ANOVA) performed using SAS general linear mixed model procedure (SAS Procedures Guide, Version 8, 1999 ; SAS Institute Inc., Cary, NC), and comparisons made using Fisher's least significant difference. Genotypes within each MG and year were analyzed separately. (Table 1 ). In 2007, the maximum soil temperatures of 33 and 30°C were recorded for the month of August at 5-and 10-cm depths, and were 1 to 11°C and 1 to 10°C higher than in any other month during the three years of research, respectively. The maximum soil water potential, -200 kPa was also recorded in August of 2007. The average water potential during the most critical months of stress in June, July, and August showed the major differences in stress levels between the three years. The water potential for 2007 was 16.2% and 21.1% lower than in 2006 and 2008, respectively. The level of water potential began low and negatively increased as the season progressed making the conditions favorable for charcoal rot disease development (Table 1) . Reaction of Soybean Genotypes to Charcoal Rot in MGs III Through V Analysis of variance for CFUI indicated a genotype-by-year interaction (P < 0.05), and genotypes within each MG and year were analyzed separately. M. phaseolina was recovered from lower stems and roots of all genotypes, but there were genotypes with low colonization. Since 2007 was classified as a drought year and therefore most conducive to charcoal rot development, the CFUI for the genotypes are presented in Tables 2 to 5 x Susceptible control. * = significance at P ≤ 0.05; ** = significance at P ≤ 0.01; NS = a nonsignificant difference.
Early Maturity Group IV. Table 4 (continued).
x Resistant control. y Susceptible control. * = significance at P ≤ 0.05; ** = significance at P ≤ 0.01; NS = a nonsignificant difference. Table 5 (continued).
Maturity Group
x Resistant control. y Susceptible control. * = significance at P ≤ 0.05; ** = significance at P ≤ 0.01; NS = a nonsignificant difference.
Discussion
The non-irrigated environment was conducive for infection. However, there was a difference in the amount of precipitation received, soil water potential, and soil and air temperatures during the three years. In 2007, the growing conditions were dry and hot from April through August. Less available soil moisture likely contributed to a high level of M. phaseolina CFUs in root and stem tissues. This was in agreement with Kendig et al. (10) , where the CFU level was higher in a treatment with soil water stress. The lack of irrigation in this test during the drought period profoundly affected the disease severity of the soybean genotypes from year to year. Genotypes that rated MR or R in all 3 years are obviously the most desirable. However, there are genotypes that were MR or R in two of the three years. Perhaps these genotypes can also be beneficial to growers in some years or environments. These genotypes could be better choices than those ranked as MS or S in all three years. Non-irrigated environments provide less soil moisture for soybean, especially at critical times in the growing season, resulting in an increase in the severity of charcoal rot (8) . Faced with unreliable rainfall, producers should grow charcoal rot resistant soybean genotypes with reduced susceptibility to drought. Cultivar selection for resistance is one of the most important decisions that producers make to maximize productivity. The data on CFUI indicate the significance of evaluating of soybean genotypes over several years. However, decisions made about a cultivar for its disease performance in one year may not indicate its performance in another year as indicated in this research. By comparing the level of resistance from a wide range of environments, growers may have the best opportunity of predicting the next year's performance. Our results determined that there were six soybean genotypes (DG3905, Manokin, DT99-16864, DT99-17483, DT98-7553, and DT99-17554) that had moderate level of resistance across years under the non-irrigated and no-till environment and could be utilized by breeders as sources of resistance to charcoal rot.
